Associated single top production with a Z boson or a photon at large hadron colliders provides a precise determination of top flavour-changing neutral couplings. The best way to measure these couplings with the up quark at Tevatron is to search for events with three jets and missing energy or events with a photon, a charged lepton, a jet and missing energy. Other decay channels are also discussed. PACS: 12.15.Mm, 14.65.Ha, Large hadron colliders will be top factories, allowing to measure its properties very precisely. In contrast with its mass, which is the best known quark mass, top couplings are very poorly known [1] . In this Letter we point out that associated single top production with a Z boson or a photon is very sensitive to the flavour-changing neutral (FCN) couplings V tq, with V a Z boson, a photon or a gluon and q a light quark u or c. These vertices are very small in the Standard Model (SM), being then an obvious place to look for new physics. Although top pair production gives large top samples, the leptonic Zt and γt signals become cleaner and statistically more significant with increasing energy and luminosity. At any rate, the determination of top FCN couplings from Zt and γt production has a comparable, if not a higher precision than from top decays as we will show here for Tevatron. On the other hand, both measurements have not only to be consistent but they will improve their statistical significance when combined together. In the following we concentrate on Runs I and II with integrated luminosities of 109 pb −1 and 2 fb −1 , respectively. The charm contribution to associated top production with a Z boson or a photon is 1 40 times smaller than the up contribution at Tevatron energies √ s = 1.8 − 2 TeV. Hence, Tevatron is only sensitive in these production processes to top couplings with the up quark . This will not be the case at the CERN Large Hadron Collider (LHC), where the charm contribution becomes relevant. In any case there is no model-independent reason for the V tu couplings to be small, and it is theoretically important to measure them precisely.
Large hadron colliders will be top factories, allowing to measure its properties very precisely. In contrast with its mass, which is the best known quark mass, top couplings are very poorly known [1] . In this Letter we point out that associated single top production with a Z boson or a photon is very sensitive to the flavour-changing neutral (FCN) couplings V tq, with V a Z boson, a photon or a gluon and q a light quark u or c. These vertices are very small in the Standard Model (SM), being then an obvious place to look for new physics. Although top pair production gives large top samples, the leptonic Zt and γt signals become cleaner and statistically more significant with increasing energy and luminosity. At any rate, the determination of top FCN couplings from Zt and γt production has a comparable, if not a higher precision than from top decays as we will show here for Tevatron. On the other hand, both measurements have not only to be consistent but they will improve their statistical significance when combined together. In the following we concentrate on Runs I and II with integrated luminosities of 109 pb −1 and 2 fb −1 , respectively. The charm contribution to associated top production with a Z boson or a photon is √ s = 1.8 − 2 TeV. Hence, Tevatron is only sensitive in these production processes to top couplings with the up quark . This will not be the case at the CERN Large Hadron Collider (LHC), where the charm contribution becomes relevant. In any case there is no model-independent reason for the V tu couplings to be small, and it is theoretically important to measure them precisely.
The most significant decay channels depend on the collider and luminosity. For Zt production, the ννjjb decay channel, with Z → νν and W →′ , gives the best determination of the Ztu couplings in both Tevatron runs. The jjlνb mode, with Z →and W → lν, has a similar branching ratio but a larger background. For higher luminosity at Tevatron Run III or at the LHC, the leptonic mode l + l − l ′ νb, with both Z and W decaying leptonically, and the bblνb mode are more significant. For γt production the γlνb channel, with W → lν, gives a cleaner signal than the γjjb mode with W →′ , allowing a better determination of the γtu vertex. This leptonic channel also gives the best limit on the gtu coupling. A detailed discussion of all these decay channels at LHC will be presented elsewhere [2] . Throughout this Letter we consider that the top quark decays predominantly into W b [3] , and we sum t andt production.
The Lagrangian involving FCN couplings between the top, a light quark q = u, c and a Z boson, a photon A or a gluon G a can be written in standard notation as [4] 
where P R,L = (1 ± γ 5 )/2 and T a are the Gell-Mann matrices satisfying Tr (T a T b ) = δ ab /2. The σ µν terms are dimension 5 and absent at tree level in renormalizable theories like the SM. Hence, they are suppressed by one-loop factors ∼ α/π. Besides, in the absence of tree level FCN couplings they are also suppressed by the GIM mechanism. Thus, these terms are typically small in renormalizable theories. However, in scenarios with new dynamics near the electroweak scale effective couplings involving the t quark may be large. On the other hand, the γ µ terms can be quite large in principle. Although rare processes require small FCN couplings between light quarks, the top can have relatively large couplings with the quarks u or c, but not with both simultaneously. In specific models FCN couplings scale with the quark masses, but this is not general. Simple well-defined models extending the SM with vector-like fermions can be written fulfilling all precise electroweak data and saturating the inequalities
at 90% C. L. [5] . It is usually expected that new physics, and in particular the mass generation mechanism, will show up first in the third family and thus in the top quark, and large hadron colliders are the best place to perform a precise measurement of these couplings. The present 95% C. L. limits on the top branching ratios at Tevatron are Br(t → Zq) ≤ 0.33, Br(t → γq) ≤ 0.032 [3] , Br(t → gq) ≤ 0.15 [6] , which imply
Similar limits have been reported searching for tq production at LEP2 [7] . Relying on the same decays it has been estimated that LHC with a luminosity of 100 fb −1 and future linear colliders will eventually reduce these bounds to X tq ≤ 0.02, κ tq ≤ 0.015, λ tq ≤ 0.0035 [8, 9, 10, 11] . In Ref. [12] the limits on the strong top FCN couplings have been studied looking at the production of a single top quark plus a jet at hadron colliders, obtaining ζ tu ≤ 0.029, ζ tc ≤ 0.11 in Tevatron Run I. These will reduce to ζ tu ≤ 0.0021, ζ tc ≤ 0.0046 after the first LHC run with a luminosity of 10 fb −1 . In the following we investigate in detail what can be learned from Zt and γt production at Tevatron. Zt production. In general this process manifests as a five fermion final state. The relatively low statistics available at Tevatron makes the ννjjb channel the most interesting mode due to its branching ratio, 13%. The jjlνb channel with a branching ratio of 15% gives less precise results due to its larger background. We will only consider l = e, µ throughout this Letter, but with an efficient τ identification the total branching ratio increases by a factor ∼ 3/2, improving the significance of this channel. The l + l − jjb mode has a smaller branching ratio and the hadronic decay channel jjjjb a larger background, whereas the three-neutrino channel ννlνb has both a smaller branching ratio and a larger background. On the other hand, the bblνb and l + l − lνb modes have smaller branching ratios and backgrounds, and become the most interesting channels at Tevatron with very high luminosity and at the LHC. The three charged lepton signal is also characteristic of some gauge mediated supersymmetry breaking (GMSB) models [13] . However, if the origin of such a signal is a top FCN coupling, the other decay channels must show up in the ratio dictated by the Z and W decay rates.
jjbE T signal. We discuss first the ννjjb mode which is the best way of measuring the Ztu vertex. We will consider both γ µ and σ µν terms, but we will assume only one at a time to be nonzero 1 . The samples are generated using the exact matrix element for the s-and t-channel diagrams gu → Zt → ZW b → ννqq ′ b. The SM diagrams contributing to gu → ZW b are much smaller in the phase space region of interest and suppressed by small mixing angles, and we neglect them here. We assume all fermions massless except the top quark. In order to estimate the background we have evaluated four other processes: (i) Zjjj production using VECBOS [14] modified to include energy smearing and kinematical cuts; (ii) Zbbj production, which is much smaller and only important at Run II when we use b tagging; (iii) the process gb → W t → W W b → lνqq ′ b, where l is missed, and (iv ) tt production witht(t) → lνb, with l and b missed and t(t) →′ b. We include throughout this Letter a K factor equal to 1.2 for all processes [15] , except for tt production where we use K = 1.34 [16] . We use MRST structure functions set A [17] with Q 2 =ŝ. The cross section for both γ µ or σ µν couplings is 235 fb at √ s = 1.8 TeV, assuming the present upper limits, X tu = 0.84 and κ tu = 0.78. For √ s = 2 TeV, the cross sections increase to 358 and 370 fb, respectively. After generating signals and backgrounds we imitate the experimental conditions with a Gaussian smearing of the lepton (l), photon (γ) and jet (j) energies,
where the energies are in GeV and the two terms are added in quadrature. (For simplicity we assume that the energy smearing for muons is the same as for electrons.) We then apply detector cuts on transverse momenta p T , pseudorapidities η and distances in (η, φ) space ∆R:
1 To be definite we fix the ratio X For the W t and tt backgrounds, we estimate in how many events we miss the charged lepton and the b jet demanding that their momenta and pseudorapidities satisfy p T < 10 GeV or |η| > 3.
For the events to be triggered, we require both the signal and background to fulfil at least one of the following trigger conditions:
• one jet with p T ≥ 100 GeV,
• one charged lepton with p T ≥ 20 GeV and |η| ≤ 1,
• one photon with p T ≥ 16 GeV and |η| ≤ 1,
• missing energy E T ≥ 35 GeV and one jet with p T ≥ 50 GeV,
• four jets (including leptons and photons) with p T ≥ 15 GeV and p T ≥ 125
GeV.
Finally, for the Tevatron Run II analysis we will take advantage of the good b tagging efficiency ∼ 60% [18] to require a tagged b jet in the final state. There is also a small probability ∼ 1% that a jet which does not result from the fragmentation of a b quark is misidentified as a b jet [19] . b tagging is then implemented in the Monte Carlo routines taking into account all possibilities of b (mis)identification and requiring only one b jet. This reduces the signal and the W t and tt backgrounds by a factor of ∼ 0.6, the largest background Zjjj by ∼ 0.03 and the Zbbj background by ∼ 0.48. b tagging is not convenient at Run I because the number of signal events and the btagging efficiency are small. In Fig. 1 we plot the signal and background distributions for m rec t , the invariant mass of the three jets, which is the reconstructed mass of the top quark for the signal. Obviously in this case m rec t is not exactly the top mass, because the t quark is not necessarily on-shell. Besides, we have also simulated the detector by smearing the energy. Both effects are in fact comparable. Obviously, the m rec t distribution for the W t and tt backgrounds peaks also around m t . In Fig. 2 we plot the cross section as a function of M rec W , the reconstructed W boson mass. When we use b tagging, M rec W is the invariant mass of the other two jets. If the b is not tagged, M rec W is defined as the two-jet invariant mass closest to the W mass. In this case the third jet is indirectly assigned to a b. M rec W equals M W for the signal and the W t and tt backgrounds. Another useful variable to discriminate between signal and background is the total transverse energy H T in Fig. 3 , which is defined as the scalar sum of the p T 's of all jets plus E T . In Fig. 4 we plot the E T distribution to show that the possible trigger inefficiency will not change significantly our results.
To enhance the signal to background ratio we apply different sets of cuts on m rec t , M rec W , H T in Runs I and II, and also on p b T , the transverse momentum of the b quark, p min t , the minimum transverse momentum of the jets and ∆R min jj , the minimum ∆R between jets (see Table 1 ). The total number of events for Runs I and II with integrated luminosities of 109 pb −1 and 2 fb −1 , respectively, are collected in Table 2 , using for the signals X tu = 0.84 and κ tu = 0.78. We observe that the kinematical cuts in Table 1 are very efficient to reduce the Zjjj and Zbbj backgrounds, but they do not affect W t and tt. These are in practice irreducible and limit the usefulness of this decay channel to moderate energies and luminosities. To derive upper bounds on the coupling constants we use the prescriptions in Ref. [20] . These are more adequate than naïve Poisson statistics when the number of background events is small, as happens in our case. (Notice that these prescriptions are similar to those applied in Ref. [3] to obtain the bounds Br(t → Zq) ≤ 0.33 and Br(t → γq) ≤ 0.032.) Unless otherwise stated, all bounds will be calculated at 95% C. L. This decay channel gives, if no signal is observed, X tu ≤ 0.690, κ tu ≤ 0.596 after Run I and X tu ≤ 0.180, κ tu ≤ 0.155 after Run II. The expected limit from top decay in Run II is X tu ≤ 0.225 [8] . Scaling this value with the Run I limits in Eq. 3 we estimate κ tu ≤ 0.208 at Run II.
Variable
Run I Run II m rec This process also constrains the strong anomalous top coupling ζ tu . Again there are two s-and t-channel diagrams contributing to the signal and a similar analysis gives ζ tu ≤ 0.316 after Run I and ζ tu ≤ 0.0824 after Run II. These bounds are weaker than the top decay limits ζ tu ≤ 0.15 and ζ tu ≤ 0.04, respectively [6] , and than the limits from jt production ζ tu ≤ 0.029 and ζ tu ≤ 0.009 [12] . One may wonder if it is sensible to use the same cuts for the Z anomalous terms γ µ and σ µν and for the strong σ µν terms. The characteristic q ν behaviour differentiates the σ µν from the γ µ terms and manifests differently if the vertex involves the initial gluon or the final Z boson. However, this makes little difference for Tevatron energies and we do not distinguish among the three cases. Table 2 : Number of ννjjb events before and after the kinematical cuts in Table 1 for the Zt signal and backgrounds. We use X tu = 0.84 and κ tu = 0.78.
ljjbE T signal. The jjlνb decay channel analysis is carried out in a completely analogous way. We consider W jjj and W bbj production, which we evaluate with VECBOS, and W t and tt production, with a b quark missing in the latter, as backgrounds to our signal (for other single top production processes see Ref. [21] ). To reconstruct the Z boson mass M rec Z we use in Run I the two-jet invariant mass closest to the Z mass, assigning the remaining jet to the b. In Run II we require only one tagged b defining M rec Z as the invariant mass of the other two jets 2 . We make the hypothesis that all missing energy comes from a single neutrino with
, and p T the missing transverse momentum. Using (p l +p ν ) 2 = M 2 W we find two solutions for p ν , and we choose that one making the reconstructed top mass m rec
The complete set of cuts for Runs I and II is gathered in Table 3 . In addition we require E T > 5 GeV to ensure that the top mass reconstruction is meaningful. The number of events before and after cuts is given in Table 4 , taking again for the signals X tu = 0.84 and κ tu = 0.78. We observe that although the W jjj background is one order of magnitude larger than the Zjjj background of the previous signal, the cuts are more effective. This is so in part because m rec t and M rec Z depend on different momenta, whereas in the ννjjb
In Run I without b tagging W jjj is the main background, but at Run II all backgrounds are in practice comparable. As the only way to get rid of W t and tt is distinguishing Z → jj from W → jj, we require M rec Z > 90 GeV in this Run. The cuts in Table 3 Table 4 : Number of jjlνb events before and after the kinematical cuts in Table 3 for the Zt signal and backgrounds. We use X tu = 0.84 and κ tu = 0.78.
γt production. This process gives a final state of a photon and three fermions. In this case there are no γ µ terms as required by gauge invariance. Depending whether the W decays into leptons or hadrons, we have the signal γlνb or γjjb. As in Zt production, we only consider l = e, µ, and again a good τ identification will improve our results. Then the leptonic mode has a branching ratio of 21%, and the hadronic mode 67.9%. However, the leptonic mode has a small background from the SM γW j production, whereas the hadronic one has a huge background from γjjj production.
γlbE T signal. This signal is again generated using the exact matrix element for the two s-and t-channel diagrams gu → γt → γW b → γlνb and λ tu = 0.26. Here we have also neglected the SM diagrams gu → γW b which are also negligible in the phase space of interest. The main SM background is γW j production. We consider gq u → γW q d , gq d → γW q u and q uqd → γW g, with q u = u, c and q d = d, s (plus the charge conjugate processes), with the jet misidentified as a b. The true b production from initial u and c quarks is suppressed by the Cabibbo-Kobayashi-Maskawa matrix elements |V ub | 2 and |V cb | 2 , respectively, and is negligible. To evaluate the background we have first calculated the matrix element for gq u → γW q d , including the eight SM diagrams, decaying afterwards the W leptonically. The matrix elements for the other two processes can be obtained by crossing symmetry. Our result for γW j production at Tevatron Run I agrees with the cross-section obtained in Ref. [22] . We use the same detector and trigger cuts as for Zt production. We also take advantage of b tagging in Run II to reduce the background (in this process there is only one jet).
To improve the signal to background ratio we perform kinematical cuts on m rec t , which is defined as in the jjlνb channel for Zt production (see Fig. 5 ). We also require large H T (Fig. 6 ), p γ T (Fig. 7) and E γ . The complete set of cuts for Runs I and II is gathered in Table 5 , where we have also required ∆R γW > 0.4, and the number of events in Table 6 . Notice that the cuts for Run II are less restrictive than for Run I. This is so because b tagging alone reduces drastically the background in Run II. In Run I the statistics is too low to improve the top decay bound, and we only get λ tu ≤ 0.30. However with the increase in energy and luminosity in Run II the characteristic behaviour of the σ µν coupling starts to manifest and the bound obtained from this process, λ tu ≤ 0.066, is better than the limit from top decays, λ tu ≤ 0.09 [9] .
Run I Run II m rec t 150-205 140-210 Table 6 : Number of γlνb events before and after the kinematical cuts in Table 5 for the γt signal and backgrounds. We use λ tu = 0.26.
and proceeding as before we obtain ζ tu ≤ 0.11 after Run I and ζ tu ≤ 0.020 after Run II. These bounds are better than those obtained from top decay, but they are still weaker than the bounds from tj production. γjjb signal. This decay channel has a larger branching ratio than the previous one, but also a larger background. In order to evaluate it, we have modified VECBOS to produce photons instead of Z bosons. This is done introducing a 'photon' with a small mass m γ = 0.1 GeV and substituting the Z couplings by the photon couplings everywhere. The total width of such 'photon' is calculated to be Γ γ = 1.73 · 10 −3 GeV, with an e + e − branching ratio equal to 0.15. We have checked that the results are the same for a heavier 'photon' with m γ = 1 GeV and Γ γ = 1.73 · 10 −2 GeV. After detector and trigger cuts, the total number of signal events is 12 at Run I, while the background is huge, 65705 events. However, with b tagging at Run II we still can derive a competitive bound on the electromagnetic anomalous coupling. The reconstruction of the top and the W mass proceeds as in the ννjjb signal. The cuts for γjjb are summarized in Table 7 , with p max T the maximum transverse momentum of the three jets. The number of events before and after cuts can be read from Table 8 (for the signal we use λ tu = 0.26). In this case we derive a bound λ tu ≤ 0.088 similar to that expected from top decays, but worse that the one obtained in the γlνb channel.
This channel also allows to constrain the strong anomalous coupling ζ tu . Proceeding as before we derive the bound ζ tu ≤ 0.048 after Run II.
In summary, we have shown that Zt and γt production at large hadron colliders provides a sensitive probe for anomalous FCN top couplings. At Tevatron energies these processes are sensitive only to V tu couplings. For Zt production the most interesting channels are those with Z → νν and W →′ , and Z →and W → lν. For γt production, both channels W →′ and W → lν are significant. The limits Table 8 : Number of γjjb events before and after the kinematical cuts in Table 7 for the γt signal and background. We use λ tu = 0.26 which can be obtained from these signals are quoted in Table 9 , together with present and future bounds from top decays and jt production.
With the increase of the center of mass energy and luminosity at the LHC, the l + l − lνb and bblνb channels will provide the most precise bounds on X tu and κ tu , while the γlνb channel will give the strongest bound on λ tu and ζ tu . At the same time, Zt and γt production from sea c quarks becomes larger and similar bounds to those from top decays can be obtained. This is the subject of Ref. [2] . Table 9 : Summary of the bounds on the anomalous top couplings in Eqs. (1), (3) obtained from the main decay channels in single top production in association with a Z boson or a photon at Tevatron. For comparison we also quote the limits from top decay and single top production plus a jet existing in the literature. We use dashes to indicate that the process does not constrain the coupling at tree level. In Run I the γjjb signal gives no significant bound.
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